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Mice deficient in the Polycomb repressor Bmi1 develop numerous abnormalities including a severe defect in stem cell self-renewal, alterations in thymocyte maturation and a shortened lifespan. Previous work has implicated de-repression of the Ink4a/Arf (also known as Cdkn2a) locus as mediating many of the aspects of the Bmi1 2/2 phenotype. Here we demonstrate that cells derived from Bmi1 2/2 mice also have impaired mitochondrial function, a marked increase in the intracellular levels of reactive oxygen species and subsequent engagement of the DNA damage response pathway. Furthermore, many of the deficiencies normally observed in Bmi1 2/2 mice improve after either pharmacological treatment with the antioxidant N-acetylcysteine or genetic disruption of the DNA damage response pathway by Chk2 (also known as Chek2) deletion. These results demonstrate that Bmi1 has an unexpected role in maintaining mitochondrial function and redox homeostasis and indicate that the Polycomb family of proteins can coordinately regulate cellular metabolism with stem and progenitor cell function.
Bmi1 is a member of the Polycomb family of transcriptional repressors that mediate gene silencing by regulating chromatin structure and is essential for the maintenance and self-renewal of both haematopoietic and neural stem cells 1, 2 . Mice deficient in Bmi1 have a number of defects including severe neurological abnormalities, alterations in various haematopoietic cell lineages, a generalized failure-to-thrive and a markedly shortened lifespan. Previous studies have documented that approximately 50% of the knockout mice die before the completion of weaning and the remaining 50% succumb anywhere from 3 to 20 weeks of age 3 . In an effort to understand how the effects of Bmi1 are mediated, significant attention has been placed on the repression of the Ink4a/Arf locus, which encodes two separate tumour suppressors and cell cycle regulators, p16
Ink4a and p19 Arf (refs 4-7) . The importance of the transcriptional repression of the Ink4a/Arf locus is underscored by the observation that mice deficient in Bmi1 and also lacking p16 Ink4a , p19
Arf or both of these gene products develop less severe neurological and haematological abnormalities than Bmi1 2/2 animals [4] [5] [6] . Although improved, mice lacking Bmi1 as well as Ink4a/Arf remain significantly smaller than wild-type littermates and their overall survival is similar to that of Bmi1 2/2 mice 6 . In addition, examination of the number of peripheral nucleated thymocytes or splenocytes, as well as the cellular composition of the bone marrow microenvironment itself, remains significantly altered in combined Bmi1/Ink4a/Arf-deficient mice 8 . These results therefore indicate that, besides repression of the Ink4a/Arf locus, additional Bmi1-regulated pathways undoubtedly exist. Here we demonstrate that Bmi1 can separately regulate mitochondrial function, reactive oxygen species (ROS) levels and the activation of the DNA damage response (DDR) pathway.
Bmi1 regulates ROS levels
Mice deficient in either the ataxia telangiectasia mutated (Atm) gene product or the FOXO family of transcription factors demonstrate a rapid postnatal decline in haematopoietic stem cell (HSC) number that in each case is associated with a rise in ROS levels within the c-KIT 1 Sca-1 1 Lin 2 (LSK) bone marrow cell population that includes HSCs 9, 10 . We therefore sought to test whether a similar rise in ROS levels was evident in Bmi1 2/2 cells. Assessment of unfractionated bone marrow, purified LSK cells and bone marrow cells expressing SLAM family receptors previously shown to allow for enrichment of long-term HSC cells (LT-HSCs) 11 demonstrated that the absence of Bmi1 2/2 resulted in increased levels of ROS ( Fig. 1a and Supplementary Fig. 1 ). A similar increase in ROS levels was also evident in various other cell types known to be impaired in Bmi1 2/2 mice, including freshly isolated thymocytes ( Fig. 1b and Supplementary Fig. 1 ).
In an effort to explain this observed rise in ROS, we made use of several previous gene expression studies that have identified a multitude of Polycomb target genes 1, 12, 13 . Among these identified targets were numerous genes either involved directly in ROS generation or that localize to the mitochondria and are known to affect mitochondrial function. Given the scarcity of LT-HSCs in Bmi1 2/2 mice, we chose to analyse gene expression in Bmi1 2/2 thymocytes, because previous reports have demonstrated a marked perturbation of this cell population in Bmi1-deficient mice 3, 4 and our data indicated that these cells had marked differences in ROS levels. As noted in Fig. 1c , Bmi1 2/2 thymoctyes de-repressed a number of previously identified Polycomb-regulated gene products that can regulate intracellular redox homeostasis. Given that mitochondria can produce oxidants and are in turn quite sensitive to their damaging effects 14 , we sought to analyse the mitochondrial function of Bmi1 2/2 cells. Intact Bmi1 2/2 thymocytes had both reduced basal mitochondrial oxygen consumption and reduced mitochondrial oxidative capacity (Fig. 1d) . Basal ATP levels were also significantly reduced in Bmi1 2/2 thymocytes (Fig. 1e ) as well as in other tissues ( Supplementary Fig. 2 ). The observed differences in mitochondrial respiration and intracellular energetics were not however accompanied by any obvious differences in mitochondrial number, structure, biogenesis or rate of degradation ( Supplementary Fig. 3 ). Consistent with our intact cellular respiration measurements, we observed significant impairment in the function of purified Bmi1 2/2 mitochondria (Fig. 1f, g ). The interruption of flow down the electron transport chain (ETC) evident in Bmi1 2/2 mitochondria is believed to be a major source for ROS generation. Impaired electron flow increases the likelihood of superoxide formation and is often accompanied by a build-up of mitochondrial reducing equivalents (for example, NADH). Consistent with such a mechanism, NAD(P)H levels were increased in Bmi1 2/2 thymocytes (Fig. 1h) . To substantiate further the connection between Polycomb activity, mitochondrial function and oxidant stress, we next measured ROS levels in the setting of various inhibitors of mitochondrial function. As expected, using the complex I inhibitor rotenone to reduce electron flow increased ROS levels (Fig. 1i) . In contrast, treatment with the pharmacological uncoupler FCCP, which specifically lowers mitochondrial membrane potential and hence augments ETC flux, markedly reduced ROS levels in Bmi1 2/2 cells. Consistent with the observed rise in Duox1 and Duox2 expression (Fig. 1c) , we also observed a small but non-significant decrease in ROS levels after treatment with the NADPH oxidase inhibitor DPI (Fig. 1i) . Finally, the use of the mitochondrial redox fluorophore MitoSox Red provided additional support for the hypothesis that the mitochondria are the major source of increased ROS levels observed in Bmi1 2/2 cells ( Fig. 1j  and Supplementary Fig. 3 ).
Antioxidants can rescue Bmi1
2/2 mice
We next sought to assess whether the increase in ROS levels might contribute to the various in vivo phenotypic defects observed in Bmi1 2/2 mice. We randomized four-week-old Bmi1 2/2 mice to treatment with and without the antioxidant scavenger N-acetylcysteine (NAC). After one week of treatment, ROS levels in Bmi1 2/2 thymocytes had been reduced to near wild-type levels (Fig. 2a) . Coincident with this reduction, we noted a marked increase in the overall size of the thymus in the antioxidant-treated Bmi1 2/2 mice (Fig. 2b ). This ) or in the presence of the uncoupler FCCP (1 mM). Cells were obtained from n 5 4 animals per genotype; *P , 0.02. e, Relative ATP levels in freshly isolated thymocytes. Measurements were made in triplicate (mean and s.d.) with 4 animals per group; *P , 0.01. f, Representative oxygen consumption from isolated heart mitochondria. g, Measured state III respiration for either complex-I-or complex-II-dependent respiration (mean and s.d.; n 5 4 animals per group; *P , 0.05, **P , 0.01). h, NAD(P)H levels as assessed by endogenous fluorescence in WT and Bmi1 2/2 thymocytes. i, ROS levels in Bmi1 
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1 cells) in 4-week-old WT or Bmi1 2/2 mice that were treated with NAC for one week or left untreated before collection. e, Quantitative assessment of thymocyte maturation in 4-week-old mice randomized for one week of antioxidant treatment (mean and s.d.; n 5 4 animals per group). f, Weight of Bmi1 2/2 mice with or without antioxidant treatment beginning after weaning (mean and s.d.; n 5 5-7 animals per group). *P , 0.05. increase in thymus size was also accompanied by a significant increase in the overall number of total thymocytes in the antioxidant-treated Bmi1 2/2 animals, although Bmi1 2/2 mice treated with NAC still had reduced number of thymocytes when compared to wild-type animals (Fig. 2c) . Previous studies have also demonstrated that Bmi1 2/2 mice also have defects in thymocyte maturation 3, 4 . As noted in Fig. 2d , approximately 80% of cells isolated from wild-type mice were CD4 1
1 double-positive thymocytes. A one-week administration of NAC to wild-type mice did not appreciably alter this distribution. In contrast, the frequency of CD4 1
1 double-positive thymocytes observed in untreated Bmi1 2/2 mice was markedly reduced, yet normalized after NAC administration (Fig. 2d, e) . Finally, NAC administration had effects beyond altering thymocyte function, because this intervention also appeared to partially correct the failure-to-thrive phenotype seen in Bmi1 2/2 animals (Fig. 2f) . Quantitative real-time polymerase chain reaction (rtPCR) analysis demonstrated that the improvement seen in Bmi1 2/2 mice after antioxidant treatment was not accompanied by any apparent alteration in Ink4a/Arf transcription (Fig. 3a) . Thus, the Bmi1-mediated rise in ROS does not seem to be required for the subsequent induction of Ink4a/Arf. There is evidence that, in certain situations, a rise in p16
Ink4a expression can be associated with, and appears to be required for, a subsequent increase in oxidant levels 15 . Thus, it seemed possible that NAC was rescuing Bmi1 2/2 mice by scavenging oxidants that were produced as a result of p16
Ink4a expression. To test this possibility formally, we analysed the levels of ROS in thymocytes obtained from Bmi1 2/2 mice or from mice doubly deficient in both Bmi1 and p16 Ink4a ( Fig. 3b and Supplementary Fig. 4 ). The induction of p16
Ink4a does not seem to be required for the rise in ROS levels observed in Bmi1 2/2 cells.
Bmi1 regulates the DDR pathway
To understand which other pathways might be activated by the observed increase in ROS levels, we took advantage of previous observations demonstrating that oxidative stress can trigger activation of the DDR pathway 16 . As noted in Fig. 3c , Bmi1 2/2 thymocytes had increased levels of 8-oxoguanine, a stable marker of oxidatively damaged DNA. In addition, consistent with ongoing DNA damage, we observed increased nuclear foci of 53BP1 (also known as Trp53bp1), another known hallmark of DNA damage and DDR activation 17 . In Bmi1 2/2 mice treated with NAC for one week before collection, the number of 53BP1 nuclear foci was markedly reduced (Fig. 3d) . Other DDR components including Chk2 were also activated in Bmi1 2/2 cells, and again this activation was reduced by antioxidant treatment (Fig. 3e) . These results indicate that the sustained levels of ROS seen in Bmi1 2/2 mice are sufficient to damage DNA directly and to engage the DDR pathway. To underscore this point further, we observed that treatment of thymocytes with exogenous hydrogen peroxide could activate the DDR pathway and that cells obtained from Chk2 2/2 mice were largely protected from ROS-induced cell death ( Supplementary Fig. 5 ). These results indicated that interruption of the DDR pathway by deletion of Chk2 may provide some benefit to the oxidatively stressed Bmi1 2/2 cells and tissues. To begin to address this hypothesis formally, we assessed the survival in culture of wildtype, Chk2
Chk2 2/2 thymocytes. Whereas Bmi1 2/2 thymocytes rapidly lost viability in culture, the survival of thymocytes lacking both Bmi1 and Chk2 was similar to that in wild-type cells (Fig. 3f) . A similar rescue of Bmi1 2/2 thymocytes could also be obtained by supplementing the media with NAC ( Supplementary Fig. 6 ).
Chk2 deletion rescues Bmi1
To understand further how the activation of the DDR pathway might contribute to the overall Bmi1 2/2 phenotype, we asked whether mice lacking both Bmi1 and Chk2 demonstrated any phenotypic improvement compared to Bmi1 2/2 mice. Previous results have demonstrated that, whereas Chk2-deficient cells have an increase in radioresistance, Chk2 2/2 mice do not exhibit a high rate of spontaneous tumour formation and appear, for the most part, to be phenotypically identical to wild-type mice 18, 19 . We first examined in vivo thymocyte maturation in either Bmi1 
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2/2 animals. As previously noted with antioxidant treatment, the overall size of the thymus, as well as the spleen, was significantly larger in the Bmi1
2/2
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2/2 mice than in Bmi1 2/2 -only mice (Supplementary Fig. 7) . Similarly, the previously observed reduction in the number of CD4
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2/2 mice was significantly less marked in mice lacking both Bmi1 and Chk2 (Fig. 4a) . We also noted significant alterations in the overall architecture of the thymus. In contrast to wild-type mice, Bmi1 2/2 mice lacked a distinct separation between thymic cortex and medulla (Fig. 4b) . A similar change in overall thymus architecture has been noted in other animal models with impaired thymocyte maturation 20, 21 . In contrast, a near normal compartmentalization of thymic cortex and medulla was observed in the Bmi1 2/2 Chk2 2/2 mice (Fig. 4b) . Given that Chk2 deletion seems to protect thymocytes from ROS-mediated cell death ( Fig. 3f and Supplementary Fig. 5 ), we postulated that the absence of Chk2 could be rescuing thymocyte number and maturation by inhibiting apoptosis. Consistent with this notion, levels of apoptosis were increased in the cortex of Bmi1 2/2 compared to wild-type animals, whereas this level of overall apoptosis was reduced in animals deficient in both Bmi1 and Chk2 (Fig. 4c) .
As previously observed with antioxidant treatment, the improvement observed in the Bmi1
Chk2 2/2 mice did not seem to be the result of alterations in the induction of the Ink4a/Arf locus ( Fig. 4d and Supplementary Fig. 8) . Similarly, deletion of Chk2 did not directly alter the level of ROS induced by the absence of Bmi1 expression ( Supplementary Fig. 9 ). Interestingly, the combination of NAC treatment and Chk2 deletion was slightly more effective at rescuing Bmi1 2/2 thymocyte number and maturation than Chk2 deletion alone, indicating that some of the effects of ROS may be independent of the DDR response ( Supplementary Fig. 10 ).
We next assessed whether the absence of Chk2 could also improve the number or functional capacity of Bmi1 2/2 haematopoietic stem or progenitor cells. To begin to address this issue, we measured the number of LSK cells in either Bmi1 2/2 or combined Bmi1
mice. This cell population is generally believed to contain abundant progenitor cells, as well as rarer, long-term repopulating cells. As noted in Fig. 4e , the number of LSK cells in mice lacking both Bmi1 and Chk2 was significantly higher than that seen in Bmi1 2/2 animals. We next sought to assess the functional capacity of the progenitor cells isolated from Bmi1
2/2
Chk2
2/2 mice. Bone marrow cells from Bmi1 2/2 mice were markedly impaired in their in vitro colony-forming ability whereas the colony-forming capacity of Bmi1
2/2
Chk2
2/2 bone marrow cells was significantly improved (Supplementary Fig. 11 ). In a further in vivo test of progenitor function, we measured spleen colony-forming units (CFU-S) that formed after injection of total bone marrow (1 3 10 5 cells) into irradiated hosts. Again, using this in vivo test of progenitor cell function, we noted a marked impairment of Bmi1 2/2 bone marrow that was significantly less pronounced in the Bmi1
2/2 mice (Fig. 4f) . Although these results indicate that Chk2 deletion results in improvement in the number and function of Bmi1 2/2 progenitor cells, they do not address whether there is also a concomitant improvement in long-term repopulating ability. To test this, we performed competitive repopulation studies using wild-type, Bmi1
2/2 bone marrow. As previously reported 1, 8 , consistent with a defect in stem cell maintenance and self-renewal, we observed that Bmi1 2/2 bone marrow was unable to contribute in such long-term repopulation assays ( Supplementary  Fig. 12 ). We also observed essentially no contribution to long-term repopulation from the Bmi1
2/2 bone marrow ( Fig. 4g and Supplementary Fig. 12 ). We therefore conclude that, whereas Bmi1
2/2 mice have an increased number of LSK cells and an apparent improvement in progenitor cell function, deletion of Chk2 does not rescue the self-renewal defect seen in Bmi1 2/2 mice. The improvement in Bmi1 2/2 mice that was observed by concomitant deletion of Chk2 extended beyond thymocytes and haematopoietic progenitors. Indeed, the overall appearance of these doubly deficient mice was improved compared to the Bmi1 2/2 animals (Fig. 4h) . This was also accompanied by a significant increase in overall body weight (Fig. 4i) . In addition, whereas the Bmi1 2/2 mice had a severe ataxia, this phenotype also appeared to be mitigated in the Bmi1 2/2 Chk2 2/2 animals. Consistent with such improvement, the cerebellum of the double-deficient mice showed a marked increase in cellularity and was more developed than what was observed in Bmi1 2/2 mice (Fig. 4j) . Similarly, whereas Bmi1 2/2 mice were infertile, both male and female combined Bmi1 2/2 Chk2 2/2 mice were capable of generating viable offspring. In contrast, the deletion of Chk2 did not rescue previously described changes in the axial skeleton, because we observed that approximately 80% of the Bmi1
Chk2 2/2 mice had 6 as opposed to the normal 7 vertebrosternal ribs 3 . Finally, we noted a number of progeriod features in the Bmi1 2/2 mice that were largely absent in age-matched Bmi1
2/2 mice ( Supplementary Fig. 13 ). On the basis of these observations, we asked whether the absence of Chk2 could extend the median and maximum lifespan of animals lacking Bmi1. In our colony, the median survival of Bmi1 2/2 mice was roughly 1 month and essentially all mice succumbed by 3-4 months (Fig. 4k) . Deletion of one copy of Chk2 provided a survival advantage, whereas deletion of both copies of Chk2 was even more effective and extended the median survival of the Bmi1
2/2 mice to approximately 6 months.
Conclusions
We demonstrate that the absence of Bmi1 leads to increased expression of a collection of gene products involved in mitochondrial function and ROS homeostasis. Cells lacking Bmi1 have significant mitochondrial dysfunction accompanied by a sustained increase in ROS that is sufficient to engage the DDR pathway. Treatment with an antioxidant or interruption of the DDR by Chk2 deletion substantially improves some, but not all, aspects of the Bmi1 2/2 mice. Our observations further indicate that, in Bmi1 2/2 mice, ROS act independently of the Ink4a/Arf pathway. In addition, although in the context of the Bmi1 2/2 mouse deletion of the Ink4a/Arf locus results in substantial rescue of the LT-HSC defect, it is interesting to note that the beneficial effects of Chk2 deletion are exclusively confined to very early haematopoietic progenitor cells.
Activation of the DDR response has been invoked as a natural consequence of age-associated damage. For instance, when compared to younger HSCs, purified HSCs from old mice demonstrate increased levels of c-H2AX nuclear foci-a marker of DNA damage 22 . Although such old HSCs do not decline in absolute number, the activation of the DDR does correlate with impairment of stem cell function. Similarly, in a number of mouse genetic models in which there are inherited defects in various components of the DNA repair apparatus, there is also evidence for a reduction in functional capacity of transplanted HSCs 23, 24 . In addition, recent evidence indicates that the self-renewal of cancer stem cells can also be limited by oncogene-induced DNA damage 25 . In other animal models, the agedependent increase in p16
Ink4a expression has been linked to agedependent decline in stem cell function 26 . Furthermore, in several independent models, deletion of p16 Ink4a leads to improved functional capacity of neural, pancreatic and haematopoietic stem cells [27] [28] [29] . Thus, both the DDR pathway and a rise in p16 Ink4a have been linked to stem and progenitor cell ageing and dysfunction. Outside of the stem and progenitor compartment, both activation of the Ink4a/Arf locus and engagement of the DDR pathway have also been separately implicated in mediating cellular senescence, growth arrest and/or cell death induced by various stresses 30, 31 . Activation of these two pathways has been invoked as an important tumour suppressor barrier, because both pathways act as potent inhibitors of the proliferation or propagation of damaged cells. Interestingly, our data indicate that the absence of Bmi1 results in the simultaneous engagement of both of these stress-activated and tumour-suppressive pathways and that both of these pathways appear to separately contribute to the overall phenotype of the Bmi1 2/2 mice (Fig. 4l) . Furthermore, the necessity of stem cells to persist throughout the entire lifespan of the organism indicates that these cells might have particularly stringent requirements to limit ROS production. Our results imply that the Polycomb family of proteins might be uniquely positioned to coordinately regulate mitochondrial function and redox homeostasis with overall stem cell biology.
METHODS SUMMARY
Bmi1
1/2 and Chk2 1/2 mice have been described previously 3, 18 . For the in vivo administration of NAC, we randomized animals to normal drinking water, or water containing NAC at 1 mg ml 21 , as previously described 10 . For analysis of intracellular ROS, bone marrow cells enriched for LT-HSCs, thymocytes and other cell types were incubated with 5 mM dichlorofluorescein diacetate (DCFDA, Invitrogen) and incubated in a shaker at 37 uC for 30 min, followed immediately by flow cytometry analysis using a LSRII instrument (Becton-Dickinson). Functional mitochondria from mouse tissues were isolated by differential centrifugation while measurement of intact cellular respiration was performed using the Seahorse XF24 analyser 32 . ATP was measured using the ATP-determination kit (Molecular Probes) with 0.2 mg of protein lysate. For competitive repopulation experiments, lethally irradiated C57BJ/6 mice (B6-CD45.2) were competitively reconstituted with 1 3 10 6 total bone morrow cells from Bmi1
2/2 or combined Bmi1/Chk2-deficient mice. Quantitative rtPCR for Ink4a/Arf expression or for the expression of other Bmi1-regulated genes was performed on an MxP3005P real-time PCR system (Stratagene) using SYBR Green PCR Mastermix (Applied Biosystems) according to the manufacturer's instructions. For assessment of DDR pathway activation, we used freshly isolated thymocytes from 4-week-old Bmi1 1/1 and Bmi1 2/2 mice treated with NAC for one week or left untreated. Cells were analysed for nuclear 53BP1 (Novus) foci or activation of Chk2 (BD Transduction Laboratories). The oxidatively modified base 8-oxoguanine was detected by avidin-FITC (fluorescein isothiocyanate) staining of fixed cells as described previously 33, 34 .
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature.
